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ABSTRACT
Neurofilaments were isolated from the axoplasm of the giant axons of Myxicola
infundibulum and squid . The axoplasm was fractionated by discontinuous sucrose
gradient centrifugation and gel filtration on Sepharose 4B . The fractions were
monitored for neurofilaments by electron microscopy . When isolated in the
presence ofchelating agents, the neurofilaments of Myxicola are composed almost
entirely of protein subunits with mol wt of 150,000 and 160,000 . Squid neurofila-
ments contain two major proteins with mol wt of 200,000 and 60,000 . These
proteins are compared with other intermediate filament proteins which have been
reported in the literature .
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Neurofilaments appear to be members of the class
of cytoskeletal structures called intermediate fila-
ments which have been found in a variety of cell
types (1-3, 14, 18, 33, 38, 42) . Neurofilaments are
particularly abundant in the axonal processes of
neurons, and it is widely thought that in conjunc-
tion with axonal microtubules they provide a sup-
porting lattice which gives the axon its shape (3,
10, 11, 28, 39, 44) . To study the structure and
composition ofneurofilaments, we have developed
a method for the isolation ofintact neurofilaments
from the giant axons of the marine polychaete,
Myxicola infundibulum, and the squid, Loligo
pealf. These giant axons are known to be partic-
ularly enriched sources of neurofilaments, and
axoplasm can be obtained from the giant axons by
336
simple mechanical means (11-13, 20, 28) . Al-
though the axoplasm is available only in limited
quantities, it provides material for fractionation
studies which is free of any significant contami-
nation from extra-axonal sources . The giant axon
of Myxicola is a particularly valuable source for
the study of neurofilaments because neurofila-
ments are the major structural components of the
axoplasm (12, 19) . The giant axon associated with
the stellar nerve of the squid differs from that of
Myxicola, in that it contains both neurofilaments
and microtubules (4, 27) . In fact, except for its size
the squid giant axon closely resembles the axons
typically found in invertebrates and vertebrates .
Using the electron microscope to follow the
fractionation of the axoplasm, we have devised a
method for isolating neurofilaments . The proteins
comprising the fractions obtained by this method
have been analyzed by SDS-polyacrylamide gel
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336-346electrophoresis (SDS-PAGE), and the subunit
proteins of Myxicola andsquidneurofilaments are
compared with those identified from mammalian
brain . In an accompanying report, we describe the
fine structure of the isolated neurofilaments (19) .
MATERIALS AND METHODS
Isolation ofAxoplasm
Axoplasm was obtained from squid giant axons by
extrusion as described previously (19). The axons were
either extruded immediately after removal from the
squid, aprocess which takes about 10 minfor each axon,
or were tied at each end and stored in filtered seawater
at 0°C so that a number of axons could be extruded at
the same time. The axons were left in sea water for at
most 2h. No differences were seen in the neurofilaments
isolated from axons which were extruded immediately
and those which were left in seawater.
Mvxicola were obtained from Maritime Research As-
sociates, Deer Island, New Brunswick, Canada, by air
freight . The animals ranged in weight from 2.5-6 .0 g .
Generally, the animals were used within 1-3 wk of
receipt. Axoplasm were obtained from Myxicola by dis-
section, usingadorsal approach to expose the axon . The
coelom was flushed out, and the gut and ventral blood
vessel were carefully removed.The axon was cleaned of
any adhering vasculature, flushed with Myxicola
Ringer's solution made without Ca", and was blotted
with tissue paper to remove all of the Ringer's . The giant
axon was then slit along the dorsal surface with fine
scissors, and the axoplasm was immediately sucked up
into a 50-I1 capillary pipette . The entire procedure,
starting with removal of the animal from the tank, takes
10-15 min to complete and yields 10-40mg of axoplasm
dependingupon the size of the worm used. Clear, color-
less axoplasm which is not contaminated with any sig-
nificant cellular debris can be obtained by this method .
The most important precautions are complete removal
ofthe ventral blood vessels without puncturing the axon,
and insuring that the giant axon is free of any excess
Ringer's before it is slit open .
Identification ofNeurofilaments in
Subcellular Fractions
Samples were checked for neurofilaments by nega-
tively staining a drop of the preparation with 2% unbuf-
fered uranyl acetate and inspecting the grids with a
transmission electron microscope (19) . Neurofllaments
from squid and Myxicola axoplasm have a characteristic
appearance in negatively stained preparations and are
easily recognized . However, in a number of the early
fractionation experiments the presence or absence of
neurofilaments in particular fractions was scored by a
microscopist who had no previous knowledge of the
characterof thesample .
Fractionation oftheAxoplasm
After a large number of empirical attempts to isolate
neurofilaments, two methods were finally adopted as
routine procedures : (a) sedimentation through discontin-
uous sucrose gradientsand (b) gel filtration. Both meth-
ods are based upon the fact that intact neurofilaments
are very long structures measurable in microns. Thus,
neurofilaments can be separated from other axoplasmic
constituents on the basis of their relatively large mass .
Axoplasm was homogenized in a hypotonic solution
(squid body fluids are 1 .01 osmol) ofeither bufferA(0.1
M KCI, 10 mM Tris-HCI, 0.8 mM 2-mercaptoethanol,
pH 7.4) or buffer B, in which NaCI was substituted for
the KCI . Aglass-glass microhomogenizer was employed
with several vigorous strokes of the pestle . Gilbert et al .
(13) have noted the presence ofaCa"-activated protease
in axoplasm from squid and Myxicola. Therefore, in
certain experiments the buffer wassupplemented with 5
mM EGTA. Theneurofilaments were isolated by layer-
ing the homogenate of axoplasm upon a discontinuous
gradient in 0.65-ml cellulose nitrate tubes (Beckman
305528, Beckman Instruments, Inc., Fullerton, Calif)
and centrifuged in a SW 50 .1 rotor (Beckman Instru-
ments, Inc., Spinco Div., Palo Alto, Calif) at 40,000 rpm
for 1-4 h . A typical gradient consisted of 0.35 ml of
homogenate containing 25-50 mg of axoplasm layered
on top of 0.1 ml each of 0.3, 1.0, and 2.5 M sucrose
solutions made up in the homogenization buffer . Gel
filtration was carried out on either Sephadex G-200 or
Sepharose 4B on a 0.9 x 30-cm column at 4°C and
fractions were monitored by UV absorbance at 280 nm
or proteinwas determined by the method of Lowry et al.
(25) .
SDS-PAGE
Disk electrophoresiswas carried outon either 7.5% or
4-12% polyacrylamide gels or slab gels (1 .5 mm thick)
using the method of Neville (29). The samples were
made up to 1% SDS, 5% 2-mercaptoethanol, andheated
in a boiling water bath for at least 3 min. A white
precipitate formed in the samples containing KCI be-
cause of the low solubility ofK-dodecylsulfate . Compar-
ison ofelectrophoretograms in which the KCIwas absent
or removed from the sample indicated that the precipi-
tate had no apparent effect on the migration of proteins
in the gel . This problem was avoided by substituting
NaCl for KCI in the buffer because we were not able to
detect any difference in the behavior of the neurofila-
ments in these buffers . The gels were stained with Coo-
massie Blue or Fast Green, and densitometric analyses
of the gels were performed to assess the relative contri-
bution of individual bands to the total sample .
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Myxicola Neurofilament Protein (NFP)
Analysis of Myxicola axoplasm by SDS-PAGE
shows that one proteindominates the profile . Den-
sitometric scans of Fast Green-stained gels indi-
cate that this protein represents 40-50% of the
total protein on the gels (Fig. 1) . These results
confirm those of Gilbert et al . (13) and are con-
sistent with the possibility that this protein is the
major subunit of Myxicola neurofilaments . When
Myxicola axoplasm was fractionated on sucrose
gradients, a white floccular layer was found at the
1 .0 M-2.5M interface . On removing the fractions,
a clear gel-like material was found to extend from
the 1 .0 M-2.5M interface into the 2.5M fraction .
Electron microscope inspection of the fractions
obtained from gradients such as those shown in
Fig . 2 demonstrated that most of the neurofila-
ments were in fraction 3 (Fig. 3b) . Fraction 1
contained very few short filaments, and fraction 2
contained more of the longer neurofilaments and
some membrane fragments resembling exploded
mitochondria (Fig . 3a) . Analysis of the gradient
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FIGURE 1 Densitometric tracings of Fast Green-
stained 7.5% cylindrical SDS-polyacrylamide gels con-
taining Myxicola and squid axoplasm illustrate the major
proteins of these axoplasms. In the lower panels, several
standard proteins were mixed with squid axoplasm and
co-migrated on the gels . These proteins are denoted on
the figure.
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FIGURE 2 Fractions of Myxicola axoplasm obtained
by sedimentation ofhomogenized axoplasm on a discon-
tinuous sucrose gradient are illustrated in this 7.5% slab
gel stained with Coomassie blue. The first gel column
shows the proteins of whole axoplasm before fractiona-
tion . The protein compositions of the three fractions
obtained from the sucrose gradient are shown in the
designated gel columns . The bulk ofthe neurofilaments
sediment to fraction 3 which contains two proteins with
molwt of 150,000 and 160,000 . In this experiment, all of
the solutions were made up in BufferBcontaining 5 mM
EGTA .
fractions on SDS-PAGE demonstrates that frac-
tion 3 contains two bands with motwt of 150,000
and 160,000 which are the majorproteins ofwhole
axoplasm (Fig. 2) . Most of the other proteins of
the axoplasm did not sediment with the neurofil-
aments and remained behind in fractions 1 and 2 .
A 230,000-dalton protein was consistently found
primarily in fraction 2 .
Ca"' andMyxicola Neuroftlaments
In the experiment illustrated in Fig . 2, all of the
solutions contained EGTA to inhibit the Ca++-
activated protease identified by Gilbert et al. (13) .
Fig . 4 shows an example of an earlier experiment
in which neurofilaments were purified at 20°C
without added EGTA . Bands with mot wt of
100,000and 55,000 daltonswere found alongwithFIGURE 3
￿
These electron micrographs of material, which was negatively stained with uranyl acetate,
illustrate the difference betweenwhole axoplasm and the fraction of purified neurofilaments prepared by
the method shown in Fig. 2 . Fig . 3a shows axoplasm obtained from a Myxicola giant axon which was
homogenized in buffer A. The dense black circular profiles represent mitochondria . Purified neurofila-
ments from fraction 3 of Fig. 2 are shown in Fig . 3b . Mitochondria were rarely found in the purified
neurofilament fractions. The purification also eliminated most of the small protein particles which are
scattered among the neurofilaments in Fig . 3a. These particles were found in fractions 1 and 2 . Fig . 3 a
x 18,000; Fig . 3 b x 143,000 .FIGURE 4
￿
Fractionation ofMyxicola axoplasm at 20°C
in buffer A without EGTA . Note that fraction 3 is
considerably more complex than in Fig . 2 and contains
the 150,000 and 160,000 proteins and two additional
proteins with mol wt of 100,000 and 55,000 .
the 150,000-dalton bands in fraction 3 . These
100,000- and 55,000-dalton proteins are not par-
ticularly notable either in fresh axoplasm or in
neurofilament-containing fractions isolated with
EGTA . These bands also appeared if axoplasm
was incubated at 20°C for 30 min in buffer con-
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taining 5 or 20 mM Ca" but not when Ca" was
omitted and 5 mM EGTA added . When purified
neurofilaments obtained from fraction 3 were in-
cubated in thepresence of20mM Ca" for 30 min
at 20°C, there was no observable effect upon the
protein profile and it resembled that of fraction 3
seen in Fig . 2 . This result is consistent with the
suggestion of Gilbert et al . (13) that the protease
is soluble andcan be separatedfrom the filaments .
To demonstrate that the lower molecular weight
bands are conversion products of the 150,000-dal-
ton proteins and to more clearly resolve the cleav-
age products, purified neurofilaments were iodi-
nated with 1251 by thelactoperoxidase method . The
iodinated proteins were then mixed with 2 mg of
axoplasm in buffer B, with either 5mM EGTA or
20 mM CaC1 2 , incubated for up to 60min at 20°C,
and then analyzed by SDS-PAGE and autora-
diography . Fig. 5 shows that '251-NFP incubated
for 60 min in the presence of 5 mM EGTA is
similar to the starting material, whereas the NFP
incubated in the presence of 20 mM Ca" is con-
verted to a number of lower molecular weight
products . Several products can be seen at 60 min
in the presence ofCa", and the major ones have
mol wt of 55,000-60,000 and 98,000 . It may be of
interest that similar bands are present as minor
constituents of whole axoplasm prepared with
EGTA but that these bands do not sediment with
intact neurofilaments.
Gel Filtration of
Myxicola Neurofilaments
The sucrose gradient fractionation data suggests
that the 150,000- and 160,000-dalton proteins are
the principalsubunits ofMyxicola neurofilaments .
This possibility is fully supported by analyses of
the neurofilaments by gel filtration on Sepharose
4B . When fraction 3 from a sucrose gradient prep-
aration was subjected to Sepharose 4B chromatog-
raphy and eluted with buffer A, all of the protein
entered the column and appeared in the void
volume . Electron microscope inspection of the
void volume showed that only neurofilaments
were present . When analyzed by SDS-PAGE, the
protein composition of the void volume was indis-
tinguishable from fraction 3 seen in Fig . 2 . When
neurofilaments (fraction 3) were iodinated by the
lactoperoxidase method, further purified by Seph-
arose 4B chromatography, and analyzed quanti-
tatively by SDS-PAGE, the 150,000- and 160,000-
dalton proteins were the primary labeled compo-FIGURE 5
￿
The possibility that lower molecular weight
proteins are derived from the 150,000- and 160,000-
dalton proteins was tested by incubating Myxicola . ..I-
NFP in the presence ofCa" or EGTA and subsequent
analysis of the proteins by SDS-PAGE and autoradiog-
raphy . Myxicola NFP was purified by sucrose gradient
fractionation (see Fig . 2) and Sepharose 4B chromatog-
raphy . The NFP was iodinated by the lactoperoxidase
method . Aliquots of '2'I-NFP in buffer A, each contain-
ing 100,000 cpm, were mixed with 2 mg of homogenized
axoplasm in 0.05 ml ofbufferA. Either CaC1 2 was added
to produce a final concentration of 20 mM Ca" or
EGTA wasadded to a final concentration of 5 mM . The
sampleshad a final volume of0 . I ml and were incubated
for 0, 5, and 60 min at 20°C as denoted on the figure .
The incubation was terminated by making the samples
1% with respect to SDS, 5% with 2-mercaptoethanol, and
heating for 10 min at 95°C . The samples were analyzed
by slab PAGE and autoradiography . Note that the in-
cubation of 1211-NFP in the presence ofaxoplasm and20
mM Ca" results in a significant alteration in the protein
profile and the appearance of a number of bands indi-
cated by arrows . This banding pattern resembles that in
neurofilaments prepared at 20'C in the absence of
EGTA (Fig. 4) . The sample incubated in 5mM EGTA
does not differ significantly from the Ca"-treated sam-
ple (0 min) in which the incubation was terminated
immediately after the addition of the Ca" .
nents, representing 65% of the radioactivity (Fig .
6) . Of the remaining 35% of the radioactivity, 10%
was in the stacking gel and stacking gel/running
gel interface, 9% was in theregion between 50,000
and 60,000 daltons, and the remainder of the
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Fig. 6 is a quantitative representation of the
protein components ofpurified Myxicola neurofilaments
labeled with 1'2s by the lactoperoxidase method . The
upper figure shows the profile of NFP stained with
Coomassie Blue . The gel was sliced into 1-mm pieces
and cpm/slice is shown . Note that the 150,000 subunit is
by far the major labeled species. The 160,000-dalton
component is seen as a shoulder on the 150,000 peak .
radioactivity was present in the region of the gel
containing proteins >160,000 daltons in size and
in the regionsbetween 60,000 and 140,000 daltons .
Although a significantamount ofradioactivity was
present in regions of the gel other than 150,000-
160,000 daltons, the largest of these other peaks
contained only 3% of the radioactivity and had a
mol wt of 55,000 (Fig . 6) .
SquidNeurofilament Protein
The protein composition of squid axoplasm is
very different from that of Myxicola . In contrast
to Myxicola axoplasm, theprotein profile of squid
axoplasm is dominated by proteins which co-elec-
trophorese with tubulin (Fig . 1) . The 53,000- and
57,000-dalton doublet seen in Fig . 7 has been
identified as tubulin by its colchicine-binding
properties (4) . The large amount of tubulin in the
giant axon and its paucity in that of Myxicola is
consistent with the morphology ofthese twoaxons .
Squid giant axons have a large number of micro-
tubules and the Myxicola giant axon has few if
any microtubules .As Gilbert et al . (13) have noted,
it is surprising to find that none of the major
proteins of squid axoplasm correspond in mol wt
to the 150,000-dalton protein of Myxicola axo-
plasm (Figs. 1 and 7) . Instead, the heaviest stained
bands on the SDS-polyacrylamide gels were tu-
bulin and proteins with mol wt of200,000, 65,000,
60,000, 46,000, and 35,000 (Figs . 1 and 7) .
Squid axoplasm was subjected to the same sort
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The fractionation of squid axoplasm by sed-
imentation on a discontinuous gradient is analyzed on a
7.5% slab gel . All of the solutions were made up in buffer
B . Whole axoplasm is shown for comparison with the
gradient fractions. Theaxoplasmic homogenate was cen-
trifuged at 10,000 g for 10 minand the pellet was applied
to the gradient and centrifuged for 1 h at 100,000 g .
Neurofilaments sedimented to fractions 3-5, which con-
tained two major bands with mol wt of 60,000 and
200,000 . In the two right-hand columns, squid neurofil-
aments purified by Sepharose 4B chromatography (see
text for details) are compared with purified Myxicola
neurofilaments . Note that the 150,000-dalton band of
Myxicola neurofilaments differs substantially in its elec-
trophoretic mobility from the squid NFP .
of fractionation employed to isolateMyxicola neu-
rofilaments . However, a low-speed centrifugation
(10,000 rpm for 20 min) was added before the
sucrose gradient to reduce the amount of tubulin
which tended to cofractionate with the neurofila-
ments . The pellet from the low-speed centrifuga-
tion was layered on a discontinuous sucrose gra-
dient and centrifuged at 2 x 10 5 g for 1 h . The
results of this fractionation procedure are illus-
trated in Fig . 7 . The 200,000- and 60,000-dalton
proteins are the major components of fractions 3-
5 . These fractions also contained a minor 70,000-
dalton band, and fraction 5 contained 230,000-
and 46,000-dalton proteins. The latter proteins
were always found in themost rapidlysedimenting
material . Electron microscope examination of
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these fractions showed that the neurofilaments
were present in fractions 3-5 . Whereas fraction 5
contained long aggregated neurofilaments, frac-
tions 3 and 4 contained long but more dispersed
neurofilaments . Fractions 1 and 2 contained very
few short pieces of neurofilaments . The best sep-
arations, such as those shown in Fig . 5, were
achieved when the sucrose gradients were loaded
with alow-speed pellet from <50 mg of axoplasm .
The addition of 1-5mM EGTA to the buffershad
no detectable effect on the protein profile of the
fractions when the entire preparation was carried
out at 0°--4°C . Pant et al. (31) have also demon-
strated that the neurofilament proteins are not
rapidly degraded unless Ca" is added to axo-
plasm. However, because of our experience with
the isolation of Myxicola neurofilaments, we now
routinely include EGTA in all of our buffers.
Theenrichment of the 60,000- and 200,000-dal-
ton proteins in the sucrose gradient fractions con-
taining filaments suggested that these proteins
mightbe the major proteins associated with squid
neurofilaments. This possibility is supported by
further purification of the neurofilaments using
Sepharose 4B chromatography . The supernate
from a low-speed centrifugation of homogenized
axoplasm was analyzed on Sepharose 4B and
eluted with bufferA. Thelow-speed supernatewas
chosen for the chromatographic experiments be-
cause it contained a large amount of dispersed,
long neurofilaments .Asharppeak ofproteinchro-
matographed with the void volume of the column
and the remainder of the protein was retarded by
the column andwas well separatedfrom this peak.
Electron microscope inspection of representative
fractions obtained from the column demonstrated
that neurofilaments were present only in the void
volume . The 200,000- and 60,000-dalton proteins
are the primary components of the void volume
(Fig . 7) . The void volume also contained the
70,000-dalton protein which cofractionated with
neurofilaments on the sucrose gradientsand ahigh
molecular weight band which is a consistent com-
ponent ofsquidneurofilament fractions. Attempts
to sediment the NFPfrom the low-speed supernate
demonstrated that much of the NFP remained in
solution even after centrifugation at 100,000 x g
for 2 h. However, we found that it was possible to
separate the NFP from the other proteins by gel
filtration on Sepharose 4B . The 200,000- and
60,000-dalton proteins were recovered in the void
volume, and the remaining proteins of the axo-
plasm were included by the column (Fig . 8) .FIGURE 8 Squid NFP purified by gel filtration on
Sepharose4B .Asupernatewas prepared by centrifuging
an axoplasmic homogenate at 100,000 g for 2 h . Then
this supernate was fractionated by Sepharose 4B chro-
matography . The 1 x 30-cm column was eluted in buffer
B with EGTA. Serial fractions from the column were
analyzed on adjacent columns of a 4-12% gradient slab
gel and stained with Coomassie Blue. The void volume
(V) and inclusion volume (V,) are noted . The 200,000-
and 60,000-dalton proteins ofsquid neurofilaments were
present almost exclusively in the void volume (V)ofthe
column, which contained all ofthe neurofilaments . Most
ofthe remaining proteins except the 70,000-dalton band
and a high molecular weight band (b were retarded by
the column and were clearly separated from the neuro-
filaments .
DISCUSSION
Myxicola and Squid NFP
By employing axoplasm in our studies, it has
been possible to purify neurofilaments in a rela-
tively undenatured state and to identify the major
proteins of squid andMyxicola neurofilaments. In
the case of Myxicola, this task was simplified by
the relatively small number of other formed ele-
ments in the axoplasm, and we have purified the
Myxicola NFP to a state approaching homogene-
ity . In fact, the additional minor bands found in
the purified Myxicola neurofilaments, such as the
55,000-dalton protein, appear to be cleavage prod-
ucts ofthe 150,000 and 160,000subunit. The squid
axoplasm is more complex, and the neurofilaments
have not been purified as completely as in Myxi-
cola . However, the results indicate that the 60,000-
and 200,000-dalton proteins are the principal pro-
teins comprising squid neurofilaments. This con-
clusion is supported by the observation that these
two proteins are major components of whole ax-
oplasm . In fact, only tubulin exceeds the 60,000-
dalton protein in staining intensity . It has also
been possible to polymerize neurofilaments from
1 x 105g supernatant fractionsof squid axoplasm
by adding glycerol and raising the temperature of
37°C . The polymerized neurofilaments contain
the 60,000- and 200,000-dalton proteins (22) . Re-
cently, we have also noted the presence of a very
high molecular weight protein (band 1 in Fig . 7)
which co-purifies with squid neurofilaments . This
band was first brought to our attention because,
like the 200,000-dalton band, it is actively phos-
phorylated (30). It has such a high molecular
weight (>600,000) that it was not well resolved
until we switched to 4-12% gradient gels (Fig. 8) .
Although some of the other heavily stained
bands found in squid axoplasm might be associ-
ated with the neurofilaments, it is unlikely that
any of these is the principal subunit of neurofila-
ments because they can be separated from the
neurofilaments. The 70,000-dalton protein is one
of these proteins which has not been completely
removed from the neurofilament fractions . Hu-
neeus and Davison (17) identified a protein in
squid axoplasm with a mol wt of 70,000 daltons
when measured by sedimentation equilibrium in
guanidine hydrochloride . They called this protein
filarin and proposed that it was the subunit of
squid neurofilaments . It was obtained by first ex-
tracting freeze-dried axoplasm with low ionic
strength solutions and then with 6 M guanidine
hydrochloride, which extracted the filarin . Be-
cause our purpose was to obtain native neurofila-
ments and freeze-drying the axoplasm makes the
axoplasm nondispersable in physiological buffers,
we have not employed the method of Huneeus
and Davison to purify NFP. However, it would
appear that the protein which they obtained was
the same as the 60,000-dalton protein which co-
purifies with neurofilaments in our procedure . In
this regard it is interesting that they noteda higher
molecular weight component on their polyacryl-
amide gels which was thought to be an aggregate
of the protein filarin . That protein may be equiv-
alent to the 200,000-dalton protein in our prepa-
ration .
With regard to strategies for purifying neurofil-
aments from squid axoplasm, sedimentation on
discontinuous sucrose gradients yields relatively
pure neurofilaments. However, unlike the Myxi-
cola neurofilaments, a substantial fraction (60-
70%) of the 60,000- and 200-000-dalton protein
did not sediment even at the relatively high cen-
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This nonsedimentingNFP can be easily separated
from the other proteins of axoplasm by Sepharose
4B chromatography (Fig . 8) . Gel filtration pro-
vides a particularly effective means of isolating
NFP from either low-speed or high-speed super-
nate of axoplasm and insures complete recovery
of the proteins .
Comparison ofthe Proteins
ofNeurofilament and Other
Intermediate-Sized Filaments
It was surprising to find that the subunit proteins
of Myxicola NFP differed so much from those of
squid when compared on SDS-PAGE (Fig . 7) .
Myxicola and squid neurofilaments are morpho-
logically indistinguishable when they are viewed
with the electron microscope. The neurofilaments
from Myxicola and squid have different solubility
properties in the 0 .1M buffer . While the Myxicola
neurofilaments sedimented completely at 100,000
g for 2 h in either buffer A or B, only -30% of
neurofilaments from squid axoplasm sedimented
under these conditions. However, both Myxicola
and squid neurofilaments behave alike in dena-
turing solutions (12, 13, 17, 19) . These neurofila-
ments are partially disrupted by 2 M urea or 0.5
M KCl and completely disrupted by 4 M urea
(19) . Structural analyses indicate that both are
composed of strands twisted together to form a
rope (19) . Immunochemical studies of squid and
Myxicola neurofilaments with a monospecific an-
tibody prepared against purified Myxicola NFP
also indicate that these proteins contain one or
more antigenic sites which are similar (23) . Using
microcomplement fixation to compare the cross
reactivity of antiMyxicola NFP antibody with
squid and Myxicola neurofilaments, we obtained
complement fixation curves with identical shapes
for squid and Myxicola neurofilaments (Lasek and
Wu, unpublished data) . Squid and Myxicola neu-
rofilaments share another property in that they are
actively phosphorylated by endogenous axo-
plasmic kinases (30) . In the case of the squid, the
200,000- but not the 60,000-dalton subunit is phos-
phorylated. In Myxicola, both the 160,000- and
150,000-dalton subunits are phosphorylated .
These results suggest that although molecular
weight may not be an important constraint in the
evolution of the neurofilament subunit proteins,
certain regions of the primary structure of the
proteins appear to be conserved during the long
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span of evolution separating polychaetes and
squid .
The proteins which comprise mammalian neu-
rofilaments were first identified in radioisotopic
labeling studies of axonal transport (16) . These
proteins, which have been called the neurofila-
ment triplet, have mol wt of 200,000, 145,000, and
68,000, and have been observed in both central
and peripheral neurons of a number of common
experimental animals. Fractionation studies and
immunochemical analyses of neurofilaments iso-
lated from rat nerves and spinal cord have con-
firmed that these proteins are the major compo-
nents of mammalian neurofilaments (24, 35, 36) .
Comparison of the major proteins of mamma-
lian neurofilaments with those of squid and Myxi-
cola does not reveal any obvious relationship .
Such a comparison further supports our conten-
tion that molecular weight is not highly conserved
in the evolution of neurofilament protein. The
wide variation in the subunit molecular weights of
these proteins might be attributed to the large
amount of evolutionary time separating these an-
imals . However, variation in the molecular weight
of NFP may occur within a single species. Two
forms ofthe 200,000-dalton subunit of mammalian
neurofilaments, which migrate separately on SDS-
polyacrylamide gels, have been identified in rab-
bits (43) . These two proteins appear to be isozymes
which differ in their molecular weight . Such vari-
ation in molecular weight could result from vari-
ation in the actual length of the genes coding for
NFP . Another possibility is that the length of the
protein is determined by post-translational cleav-
age of a NFP precursor .
The subunits of mammalian intermediate fila-
ments from non-neuronal cells also differ from
those ofthemammalian neurofilaments . The prin-
cipal protein subunits of intermediate filaments
from fibroblasts, smooth muscle cells, and glial
cells have mol wt ranging from 50,000 to 55,000
(1, 2, 5, 7, 15, 38, 40-42) . The difference in the
molecular weights of mammalian neurofilaments
and glial filaments may be related to the morpho-
logical differences which have been noted between
these structures . Glial filaments are more densely
packed than neurofilaments and have a smaller
diameter (19, 44) . Immunohistochemical studies
have shown that antibody to the mammalian glial
filament protein does not crossreact with neurons
(6, 9) and that antibody to Myxicola NFP does not
crossreact with glial filaments in Myxicola glial
cells (8) .NFP, Tubulin, andActin
Although we do not have a definitive explana-
tion for the diversity of molecular weights which
have been reported forintermediate-sized filament
proteins, this literature leads to one important
conclusion-that the proteins of intermediate fil-
aments must differ in some fundamental wayfrom
the proteins of the other well-characterized pri-
mary cytoskeletal elements ofnonmuscle cells, i.e .,
microtubules and actin-containing microfilaments .
Both microtubules and actin-containing microfil-
aments are assembled from globular subunits, tu-
bulin and G-actin, respectively . The molecular
weights of these proteins have remained relatively
invariant during evolution (26, 32) in marked con-
trast to theintermediate filament proteins . It seems
likely that at leastone of the major constraints on
the evolution ofactin and tubulin results from the
need to conserve the positions of the multiple
binding sites by which these globular proteins
interact with one another to form a complex fi-
brous structure (32) . Although the shape of inter-
mediate filament proteins has not been fully de-
termined, it appears that at least part of the protein
is likely to be rod-shaped rather than globular (12,
19) .
Ca"-Dependent Cleavage ofNeuroftlaments
We have confirmed the observation of Gilbert
et al . (13) that Myxicola axoplasm contains an
endogenous protease which cleavestheNFP in the
presence ofCa". The presence of such aprotease
has been documented in squid axoplasm (31) and
in mammalian axons (34, 37) . It is interesting that
when purified "'I-labeled NFP was treated with
axoplasm and Ca", a number of relatively stable
cleavage products appeared . The most prominent
ofthese had a mot wt of98,000 and55,000-60,000.
This result indicates that the protease acts on a
rather specific site in the molecule, resulting in
products which are ^-1 /3 and 1 /3 the original size of
the protein . Such a protease might function as the
first and dependent step in neurofilament degra-
dation during the metabolism of NFP at the end
ofthe axon (21) . Another possibility to consider is
that the 55,000-dation product of the proteolytic
cleavage is not a degradative product but a phys-
iological product with different functional prop-
erties than the high molecular weight "precursor"
form of the protein . In this regard, it may be more
than coincidental that the non-neuronal interme-
diate filaments have mot wt in the rangeof55,000 .
We would like to thank Dr. Gordon Shecket for sug-
gesting the iodination experiment and for his other help-
ful advice.
This research was supportedby National Institutes of
Health grants NS09299 and AGO0795 to R . J . Lasek .
Receivedforpublication 17 Apri11978, and in revisedform
2 March 1979.
REFERENCES
I . BROWN, S ., W . LEVINSON, and J . A. SPUDICH . 1976. Cytoskeleta l
elements ofchick embryo fibroblasts revealed by detergent extraction .
J . Supramol. Struct . 5:119-130.
2 . COOKE, P . H., and R . H. CHASE. 1971 . Potassium chloride-insoluble
myofilaments in vertebrate smooth muscle cells . Exp . Cell Res . 66:417-
425.
3 . DANIELS, M. P . 1973 . Fine structural changes in neurons and nerve
fibers associated with colchicine inhibition ofnerve fiber formation in
vitro . J . Cell Biol . 5&463-470 .
4 . DAVISON, P . F., andF .C . HUNEEUS. 1970. Fibrillar proteins fromsquid
axons . 11. Microtubule proteins . J . Mot . Biol. 52:429-439 .
5 . DEVRIEs,G . H., L . F. ENG,D . L . LEwls, andM.G . HADFIELD . 1976 .
Theprotein compositionofbovinemyelin freeaxons . Biochim. Biophys .
Acia. 434133-145.
6 . ENG, L.F ., and J .W . BIGBEE . 1978 . Immunohistochemistr yof nervous
system specific antigens . Adv . Neurochem . 3:43-98 .
7 . ENG, L . F ., B . GERSTL, and J . J . VANDERHAEGAHN . 1970. Astudy of
proteins in old multiple sclerosis plaques. TransactionsoftheAmerican
Society ofNeurochemistry. 1:42 .
8 . ENG, L . F ., R. 1 . LASEK, J .W . BIGBEE, and D.L . ENG . 1978. Immu-
noperoxidase localization of Myxicola neurofilaments (10 mm) at the
light and electron microscopic levels . Abstracts of the Society for
Neuroscience. 4:331 .
9 . ENG, L . F., andL . J . RUBINSTEIN . 1978 . Contributions of immunohis-
tochemistry to diagnostic problems of human cerebral tumors. J . His-
tochem. Cytochem . 24:513-522 .
10 . FRIEDE,R.L ., andT . SMORAISKI. 1970 . Axoncaliber related to neuro-
filaments and microtubules in sciatic nerve fibers of rats and mice .
Anai. Rec . 167:379-387.
11 . GILBERT, D. S . 1972. Helical structure ofMyxicolaaxoplasm. Nat . New
Biol. 237:195-224.
12 . GILBERT, D. S . 1975 . Axoplasm architecture and physical properties as
seen in the Myxicola giant axon. J . Physiol (Loud .). 253:257-301 .
13 . GILBERT, D. S., B . J . NEWBY, and B. ANDERTON. 1975 . Neurofilament
disguise, destruction and discipline . Nature (Land .) . 256:586-589 .
14. GOLDMAN, R. D. 197t . The role ofthree cytoplasmic fibers in BHK-21
cell motility . J . Cell Biol. 51:752-762. 15 .
GOLDMAN, J . E., H . SCHAUMBURG, andW.T . NORTON. 1978. Isolation
and characterization of glial filaments from human brain .J . Cell Biol.
78:426-440.
16 . HOFFMAN, P .N ., andR. J . LASEK . 1975 . Th e slow component of axonal
transport . Identification of major structural polypeptides of the axon
and their generality amongmammalian neurons . J . Cell Biol. 66:351-
366 .
17 . HUNEEUS, F .C., andP .F . DAVISON. 1970. Fibrillar proteins fromsquid
axons. 1 . Neurofilament proteins . J . Mot . BioL 52:415-428 .
I8 . JIMBow .K ., andT . B . FITZPATRICK . 1975. Changes in the distribution
pattern of cytoplasmic filaments in human melanucytes during ultra-
Violet-mediated melanin pigmentation,J . Cell Mot . 65:481-488 .
I9 . KRISHNAN,J., I . KAISERMAN-ABRAMOF, and R. J . LASEK . 1977 . Stmc-
tura l studiesof 10-nmneurofilaments isolated fromsquid and Myxicola
giant axons . J . Cell Biol. 82:323-335 .
20. LASEK, R . J . 1974. Biochemistry ofthe squid giant axon . In AGuide to
Laboratory Use of the Squid, Loligo Pealii . J . M . Arnold, W . C .
Summers, D. L. Gilbert. R . S . Manates . N.W . Dav, and R . 1 . Lasek,
editors . Woods Hole Biological Laboratory, Woods Hole, Mass. 69-74 .
21 . LASEK, R. J ., and P . N. HOFFMAN . 1976 . Th e neuronal cytoskeleton,
axonal transport . and axonal growth. In Cell Motility . R . Goldman, T .
Pollard . andJ . Rosenbaum, editors . Cold Spring Harbor Press, Cold
Spring Harbor,N.Y. 1021-1049 .
22. LASEK, R. J ., and 1 . KAISERMAN-ABRAMOF . 1977 . Polymerization of
neurofilaments and macroscopic axon-like fibers from soluble axo-
plasmic proteins . J . Cell Biol. 75(2, Pt . 2):266 a . (Abstr.) .
23 . LASEK, R. J., and J.-Y. Wu. 1976. Immunochemical analysis of the
proteins comprising (10 nm) neurofilaments . Neurosci. Absir . 2:40 .
24 . LIEM, R. K. H., S.-H. YEN, G. D. SALOMON, and M . L. SHELANSKI .
LASEK FT AL .
￿
Identification of10-nm-Neurofilament Subunit Proteins
￿
3451978. Intermediate filaments in nervous tissues . J . Cell Biol. 79:637-
645 .
25 . LOWRY, O . J ., N. J . ROSEBROUGH, A. L . FARR, and R. J . RANDALL.
1951 . Protein measurement with the Folin phenol reagent . J . Biol.
Chem . 193:265-275.
26. LUDUENA, R., and D. 0. WOODWARD . 1975 . Alphaand beta tubulin :
separation and partial sequence analysis. Ann . N . Y Acad. Sci . 253:
272-283 .
27 . METUZALS, J, 1966 . Electron microscopy of neurofilaments. Sixth In-
ternational Congress for Electron Microscopy . 459-460 .
28 . ME-TUZALS, 1 . 1969 . Configuration of a filamentous network in the
axoplasm of the squid . J . Cell Biol. 43:480-498 .
29 . NEYILLE, D. M. 1971 . Molecular weight determination of protein-
dodecyl sulfate complexes by gel electrophoresis in a discontinuous
buffer system. J . Biol. Chem. 246:6328-6334 .
30. PANT, H., G. SHECKET, H . GAINER, and R. J, LASEK . 1978. Phospho-
rylation ofsquid neurofilament protein. J . Cell Biol. 78:823-827 .
31 . PANT,H . C., S . TERAKOWA,andH. GAINER . 1979 .Acalcium-activated
protease in squid axoplasm. J . Neurochem . 32:99-102.
32 . POLLARD, T. D ., and R. R. WEIGHING . 1974. Actinand myosin and
cell movement. Crit. Rev . Biochem . 2:1-65.
33 . ROHRLICH,S .T . 1974. Fine structural demonstration ofordered arrays
ofcytoplasmic filamentsin vertebrate iridophores .J . CellBiol. 62:295-
304 .
34 . SCHLAEPFER,W .W . 1974 . Calcium-induced degeneration of axoplasm
in isolated segments of rat peripheral nerve. Brain Res . 69:203-215 .
35 . SCHLAEPFER,W .W . 1977 . Immunological and ultrastrudural studies of
neurofilaments isolated from rat peripheral nerve. J . Cell Biol. 74:226-
THE JOURNAL OF CELL BIOLOGY - VOLUME 82, 1979
240 .
36. SCHLAEPFER,W .W .,andL.A . FREEMAN . 1978. Neurofilamen t proteins
of rat peripheral nerve and spinal cord . J . Cell Biol. 78:653-662 .
37. SCHLAEPFER,W . W ., and S. MICKO . 1978. Chemical and structural
changes ofneurofilaments in transected rat sciatic nerves. J . Cell Biol.
78:369-378 .
38 . SCHOLLMEYER, J, E., L . T. RURCHT,D . E . GALL, R . M . ROBISON, and
M. H . STROMEC. 1976 . Localizationof contractile proteins in smooth
muscle cells and in normal and transformed fibroblasts . /n Cell Motil-
ity . R. Goldman, T . Pollard, and J . Rosenbaum, editors . Cold Spring
Harbor Press, Cold Spring Harbor, N. Y. 361-388 .
39 . SECHRIST, J . W . 1969 . Neurocytogenesis . I . Neumfibrils, neurofila-
ments, and the terminal mitotic cycle.Am.J Anai . 124:117-134.
40 . STARGER, J . M., andR. D. GOLDMAN . 1977 . Isolationand preliminary
characterization of 10-nm filaments from baby hamster kidney (BHK-
21) cells . Proc. Nail. Acad. Sci . U . S .A. 74:2422-2426 .
41 . STEINERT, P . M. 1978. Structure of the three-chain unit of bovine
epidermal keratin filament .J . Mol . Biol. 123:49-70.
42 . TEYuKA,T ., and 1 . M . FREEBURG . 1972. Epidermal structural proteins.
II. Isolation and purification of tonofilaments of the newborn rat .
Biochim . Biophys . Acra . 263:382-396 .
43 . WILLARD,M.B ., andK. L. HULEBAK . 1977. The intra-axonal transport
ofpolypeptideH: evidence for a fifth (very slow) groupoftransported
proteins in the retinal ganglion cells of the rabbit . Brain Res . 136:289-
306 .
44 . WUERKER, R. B . 1970. Neurofilaments and glial filaments . Tissue Cell.
2:1-9 .